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Figure 10.1. Maps of IGMETS-participating time series on a background of 10-year (2003ɬ2012) sea surface temperature trends (top 

panel, see also Figure 10.4a) or on a background of 10-year sea surface chlorophyll trends (bottom panel, see also Figure 10.4b). These 

maps show 344 time series (coloured symbols of any type), of which 71 were from Continuous Plankton Recorder sub areas (blue box-

es) and 46 were from estuarine areas (yellow stars). Dashed lines indicate boundaries between IGMETS regions. Additional infor-

mation on the sites in this study is presented in the Annex. 
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10.1 Introduction  

3ÏÌɯÖÊÌÈÕɀÚɯÉÐÖÓÖÎÐÊÈÓȮɯ×ÏàÚÐÊÈÓȮɯÈÕËɯchemical character-

istics vary across a range of temporal and spatial scales 

in response to different driving forces. These include 

short-term and seasonal localized phenomena, such as 

coastal upwelling and river discharge, as well as meso- 

and large-scale features like eddies, ocean currents, and 

the global thermohaline circulation ɬ the conveyor belt 

(Figure 10.2). The ocean also responds to large-scale cli-

mate cycles (e.g. Pacific Decadal Oscillation, El Niñoɬ

Southern Oscillation, North Atlantic Oscillati on). 

Changes induced by humans add yet another layer of 

complexity. Monitoring changes in global marine biolog-

ical and biogeochemical variables and exploring their 

relationships with natural variability and anthropogenic 

forcing is fundamental to improving  our capacity to 

predict how the ocean may respond to future changes as 

well as associated impacts on marine ecosystem services 

(Worm et al., 2006; Hoegh-Guldberg and Bruno, 2010; 

Overland et al., 2010; Doney et al., 2014).   

Global ocean phytoplankton biomass and sea surface 

temperature (SST) have been investigated with a variety 

of techniques, including satellites and in situ sampling . 

These two variables have significant effects on ecosys-

tem structure and functioning  and have been observed 

to change in response to varying ocean conditions 

(IPCC, 2013). Several authors have suggested that global 

phytoplankton biomass has declined over the past sev-

eral decades in nearly all ocean regions due to increasing 

SST and stratification (Behrenfeld et al., 2006; Henson et 

al., 2010; Vantrepotte and Mélin, 2009, 2011; Beaulieu et 

al., 2013; IPCC, 2013; Siegel et al., 2013), while others 

point to an increase in the North Atlantic where long 

time series exist (McQuatters-Gollop  et al., 2011). The 

relationship among SST, chlorophyll and stratification, 

however, is not simple ; therefore, it is difficult to corre-

late changes in one with changes in the other on a global 

scale (Dave and Lozier, 2013; Behrenfeld et al., 2015).  

Maps of trends help identify regions that experience 

significant changes over different time -scales and can 

also provide information on rates of change. Maps of 

multiple variables help elucidate possible causes for the 

alterations. Changes are constantly occurring on a global 

scale; some are related to anthropogenic forcing, and 

some variables will show changes faster than others, 

resulting in a widespread debate on the length of time 

required to observe trends related to climate signals 

(Henson et al., 2010, 2016; Henson, 2014). 

 

 

Figure 10.2. ,È×ɯÚÏÖÞÐÕÎɯÚÛàÓÐáÌËȮɯÔÈÑÖÙɯÎÓÖÉÈÓɯÊÜÙÙÌÕÛÚɯÛÏÈÛɯÐÕÛÌÙÊÖÕÕÌÊÛɯÛÏÌɯÞÖÙÓËɯÖÊÌÈÕÚȮɯÈÓÚÖɯÒÕÖÞÕɯÈÚɯɁÛÏÌɯÊÖÕÝÌàÖÙɯÉÌÓÛɂȭɯ!ÓÜÌɯ

arrows indicate generally cooler water currents and red arrows indicate generally warmer currents. The dark blue stars indica te the 

locations of the 344 time series that participated in this study. Additional information on these time series is presented in the Annex. 
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TW05 sites (2008-2012) 

 

TW10 sites (2003-2012) 

 

TW15 sites (1998-2012) 

 

TW20 sites (1993-2012) 

 

TW25 sites (1988-2012) 

 

TW30 sites (1983-2012) 

 

Figure 10.3. Panel of maps showing locations of IGMETS-participating time series based on time-window qualification. Red symbols 

indicate time -series sites with at least one biological or biogeochemical variable (i.e. excluding temperature - and salinity -only time 

series) that qualified for that time -window (e.g.  TW05, TW20). Light gray symbols indicate sites that did not have enough data from 

the given time-window to  be included in that analysis.  

 

 

Globally, there are at least 344 ship-based biogeochemi-

cal time series that span different lengths and windows 

of time (Figure 10.1). These time series represent one of 

the most valuable tools scientists have to characterize 

and quantify ocean carbon fluxes, biogeochemical pro-

cesses, and their links to changing climate (Karl, 2010; 

Chavez et al., 2011; Church et al., 2013). Coupling these in 

situ biogeochemical measurements and plankton data 

with satellite observations improve s the understanding 

of changes in the biological, physical, and biogeochemi-

cal properties of the global oceans. Satellite data provide 

an additional layer of information about changi ng ocean 

conditions and ecosystems and can help scale-up the 

relatively sparse shipboard datasets to achieve a broader 

regional and/or global perspective.  

In this chapter, we aim to examine changes in the global 

oceans, explore possible connections between ocean ba-

sins, and identify areas that show significant changes 

ÖÝÌÙɯÛÌÔ×ÖÙÈÓɯ×ÌÙÐÖËÚɯÖÍɯƕƔȮɯƕƙȮɯƖƔȮɯÈÕËɯƗƔɯàÌÈÙÚɯȹɁÛÐÔÌ-

ÞÐÕËÖÞÚɂȰɯ ÛÏÌɯ (&,$32ɯ ɁÛÐÔÌ-ÞÐÕËÖÞÚɂɯ ÈÕÈÓàÚÐÚɯ ÐÚɯ

described in Chapter 2). A shorter 5-year time-window 

analysis is also available to observe short-term fluctua-
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tions, though these may not be statistically significant 

for climate change-related trends. Thirty years of obser-

vations provide information on the overall direction of 

change (if any) of the different ocean variables and pre-

sent a good basis to start distinguishing between natural 

variability and long -term, human-induced trends (Hen-

son et al., 2010; Henson, 2014). In terms of available bio-

geochemical and plankton time series, there are tenfold  

more 5-year time series than 30-year time series. How-

ever, going back in time (20 years), most of the time-

series sites are located in the North Atlantic (Fig-

ure 10.3). 

Short time-windows, such as five years, provide infor-

mation on the speed of some of the changes that are be-

ing observed in the ocean and offer insight on short-term 

fluctuations. The magnitude of natural variability in 

many biogeochemical variables can mask anthropogenic 

trends, as is shown in the regional chapters. The ecologi-

cal and economic consequences of such changes are im-

portant, particularly with regard to marine ecosystem 

goods and services. Analyzing changes in specific time-

windows facilitates comparison of trends in different  

areas and detection of decadal and multidecadal climatic 

drivers. Clearly, the start and end d ates chosen for trend 

analyses may influence the assessment of the rates of 

change (IPCC, 2013; Karl et al., 2015). 

It is not possible yet to fully quantify how much of the 

oceanɀÚ variability i s due to anthropogenic drivers ; 

hence, the importance of sustained ocean time-series 

observations. Only a fraction of the biogeochemical time 

series around the world reaches or exceeds observations 

of more than two decades (Figure 10.3). Indeed, many 

ship-based biogeochemical time-series measurements 

(e.g. ocean CO2 system parameters, nutrient concentra-

tions), particular ly  in the southern hemisphere, were 

initiated only in the past decade. These various time 

series provide a Ɂbaselineɂ against which to detect areas 

that have undergone rapid change. 

 

10.2 General patterns of temperature and 

phytoplankton biomass  

Significant trends in SST were visible at the global scale 

(over 79% of the ocean) during the past three decades 

(Figure 10.4a; Table 10.1). In the 30-year time-window 

(1983ɬ2012), 79.9% (69.8% at p < 0.05) of the worldɀÚ 

oceans increased in temperature, while 20.1% (13.2% at 

p < 0.05) registered a decrease (Table 10.1). The most 

significant warming was observed in the Atlantic and 

Indian oceans (Figure 10.4a; see also the respective re-

gional chapters). Comparing the changes, the positive 

trend was +0.1 to +0.5°C decadeɬ1. Areas that cooled 

down had rates of less than ɬ0.1°C decadeɬ1. These ob-

servations generally agree with published results that 

highlight increases in ocean temperatures of ca. 0.1°C 

decadeɬ1 (IPCC, 2013; Karl et al., 2015). Non-significant 

changes were visible only in the western and tropical 

Pacific Ocean, a portion of the South Atlantic, and in 

small areas of the Arctic and Antarctic oceans. The 

warming trend is also visible over a large por tion of the 

global ocean during the past 10ɬ15 years (49.3% in the 

past 10 years, with  26.3% at p < 0.05; 69.3% over the past 

15 years, with  44.8% at p < 0.05; Figure 10.4a; Table 10.1). 

Satellite data coverage of the Arctic region is poor. 

Changes in SST show that this area is subject to strong 

interannual and spatial variability linked to changes in 

albedo (sea ice cover, soot on snow), atmospheric cloud 

cover, water vapor and black carbon content, and ocean-

ic heat flux (see Serreze and Barry, 2011; and references 

therein). Compared to the Antarctic (with the exception 

of the Western Antarctic Peninsula; Meredith and King, 

2005; Steig et al., 2009), warming over the Arctic during  

1983ɬ2012 has been pronounced (85.3%, with  79.2% at 

p < 0.05). While the Arctic Ocean showed a slowdown in 

its warming during  2003ɬ2012, positive SST trends have 

prevailed.   

In the Southern Ocean, 55.9% (with  44% at p < 0.05) of 

the region cooled during  1983ɬ2012 (Figures 10.4a 

and 10.5). Areas of cooling are close to the Antarctic 

coastline, while the warming is observed farther north. 

One exception is the area adjacent to the Western Ant-

arctic Peninsula; this warming arises largely from in-

creased air temperatures recorded in the region and re-

duced sea ice cover (Meredith and King, 2005; Steig et 

al., 2009; Ducklow et al., 2013). Variations in the Antarc-

tic SST are associated with changes in the polarity of the 

Southern Oscillation (SO) and the Southern Annular 

Mode (SAM), as well as the Antarctic Oscillation Index 

(AAO) (Y u et al., 2012). Some of the colder SSTs ob-

served could be attributed to lower air temperatures 

reported for a large portion of the Antarctic Peninsula 

(Kwok and Comiso, 2002; Marshall et al., 2014). The 

driver of these negative SST trends is still being debated 

(Randel and Wu, 1999; Thompson and Solomon, 2002). 

Over the 15-year time-window, significant warming was 

observed in most of the measurable surface of the  
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Figure 10.4. Annual trends in global sea surface temperature (SST) (a) and sea surface chlorophyll (CHL) (b) and correlations between 

chlorophyll and sea surface temperature for each of the standard IGMETS time-windows  (c). See ɁMethodsɂ chapter for a complete 

description and methodology used.  
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Southern Ocean (57.5%, of which 40.0% was significant 

at p < 0.05; Table 6.1; Figure 6.2). This pattern reversed 

over the past 10 years, where ca. 54% of the Southern 

Ocean exhibited cooling (Table 6.1; Figure 6.2). The 

Western Antarctic Peninsula was still the exception, 

where sustained warming was observed in both time -

windows (Meredith and King, 2005; Ducklow et al., 2013; 

see Chapter 6). The cooling in the past decade has been, 

in part , attributed to the ozone hole (Marshall et al., 

2014). 

In the At lantic Ocean, the subtropical South Atlantic 

cooling observed over the 30-year time-period is possi-

bly linked to variations in the subtropical anticyclone 

that arises from decadal-scale, wind -driven ocean tem-

perature fluctuations that occur in a north ɬsouth dipole 

structure (Venegas et al., 1997). It could also be a mani-

festation of an ENSO teleconnection (Nobre and Shukla, 

1996; Enfield and Mestas-Nuñez, 2000; Deser et al., 2010). 

The warming of the entire North Atlantic region ( 99.1%, 

with  97.3% at p < 0.05) over the past three decades has 

been attributed to both natural and anthropogenic forc-

ings (Knudsen et al., 2011; Hoegh-Guldberg et al., 2014). 

Over shorter time -scales, the warming and cooling 

across the Atlantic were more heterogeneous; during  

2003ɬ2012, 50.3% of the Atlantic ɬ the southern north 

and south parts ɬ warmed, while 49.7% ɬ the northern 

North and South Atlantic ɬ cooled. In the North Atlantic, 

air temperatures are largely driven by the NAO, with 

colder conditions over the Med iterranean and subpolar 

regions and warmer mid -latitudes (Europe, the north-

eastern United States, and parts of Scandinavia) during 

positive NAO phases (Visbeck et al., 2001; Deser et al., 

2010; Hurrell and Deser, 2010). For this phase, SST re-

flects a Ɂtripole patternɂ with a cold anomaly in the sub-

polar region, a warm anomaly in the mid -latitudes, and 

a cold subtropical anomaly between 0 and 30°N (Visbeck 

et al., 2001). The mixed warm/cold trends observed in the 

North Atlantic over the past decade could be reflecting 

fl uctuations of NAO phases (e.g. strong negative phases 

in 2009 and 2010, positive in 2012), and possible SST 

feedback (Hurrell and Deser, 2010; Figure 10.4). The 

colder SST could also be the result of changes in the At-

lantic meridional overturning circulati on (AMOC), as 

suggested by Rahmstorf et al. (2015). 

Cooling observed in the western and tropical Pacific 

Ocean over the past 30 years is likely related to interan-

nualɬmultidecadal oscillations like the El Niño Southern 

Oscillation (ENSO), the Interdecadal Pacific Oscillation 

(IPO), and the Pacific Decadal Oscillation (PDO) 

(Chavez et al., 2003, 2011). Pacific SST is strongly corre-

lated with these climate indices (Enfield et al., 2001; Al-

exander et al., 2002). The warming and cooling of the 

Pacific under the changing regimes is not uniform; the 

central North and South Pacific are out of phase with the 

eastern Pacific. Chavez et al. (2003) identified one 

Ɂwarmɂ period (from about 1975 to the late 1990s) and 

two cooler periods (fro m the early 1950s to about 1975 

and from the late 1990s to around 2012). In the 15-year 

time-window, a particular pattern emerged in the Pacific 

Ocean with warming across the equatorial Pacific. In 

1998ɬ2012, 65.2% of the Pacific warmed (37% at p < 0.05), 

and these areas were located mostly near the equator 

and in the central North and South Pacific; 34.8% cooled 

(17.0% at p < 0.05; see Figure 7.2). That pattern can be 

tied to ENSO (Deser et al., 2010). However, when analyz-

ing th e 10-year time-window, the Pacific exhibited a 

general cooling over 59% of its area (40% at p < 0.05). 

This is largely linked to La Niña -like conditions (Kosaka 

and Xie, 2013) and a change in phase of IPO from posi-

tive to negative around 1998/1999 (Dong and Zhou, 

2014).  

The Indian Ocean exhibited strong, consistent warming 

across all time-windows. From 1983 to 2012, 97.8% of the 

Indian Ocean warmed (91.9% at p < 0.05; Figure 10.4). 

The warming is associated with a range of climate cy-

cles, including the IPO (Han et al., 2014). Over shorter 

time-scales (10ɬ15 years), while the sustained warming 

prevailed, the spatial extent decreased (Table 10.1), like-

ly due to variability induce d by shorter-term climatic 

signals (e.g. Indian Ocean Dipole, ENSO). 

The chlorophyll (Chl a) trends, as derived from satellite 

data, show that, overall, ca. 60% of the ocean has exhib-

ited decreasing concentrations over the past 15 years 

(Figures 10.4 and 10.5), which is consistent with previ-

ous studies (Polovina et al., 2008; Henson et al., 2010; 

Siegel et al., 2013; Gregg and Rousseaux, 2014; Signorini 

et al., 2015). In general, changes in chlorophyll are in-

versely related to SST (Table 10.1; Figure 10.4). The in-

crease in global Chl a concentrations observed in the 10-

year time-window, relative to the 15 -year window, 

might be attributable to somewhat cooler SSTs. In the 

Pacific Ocean, in particular, higher Chl  a concentrations 

were observed in the subtropics, between roughly 10 

and 30°, both north and south of the equator . This region 

corresponds to areas experiencing cooling and possibly 

becoming more productive (increased mixed -layer 

depth), due to La Niña -like conditions (Siegel et al., 2013; 

Signorini et al., 2015). The influences of circulation pat 



178 

Table 10.1. Relative spatial areas (% of the total region) and rates of change that are showing increasing or decreasing trends in sea 

surface temperature (SST) for each of the standard IGMETS time-windows. Numbers in brackets indicate the % area with significant 

(p < 0.05) trends. See ɁMethodsɂ chapter for a complete description and methodology used.  

Latitude-adjusted SST data field  

surface area = 361.9 million km 2 

5-year  
(2008ï2012) 

10-year  
(2003ï2012) 

15-year  
(1998ï2012) 

20-year  
(1993ï2012) 

25-year  
(1988ï2012) 

30-year  
(1983ï2012) 

Area (%) w/ increasing SST trends 

(p < 0.05) 
52.9% 

( 14.8% ) 

49.3% 

( 26.3% ) 
69.3% 

( 44.8% ) 
74.1% 

( 60.8% ) 
79.4% 

( 67.5% ) 
79.9% 

( 69.8% ) 

Area (%) w/ decreasing SST trends 

(p < 0.05) 

47.1% 

( 16.4% ) 
50.7% 

( 29.7% ) 

30.7% 

( 15.0% ) 

25.9% 

( 15.6% ) 

20.6% 

( 13.0% ) 

20.1% 

( 13.2% ) 

         

> 1.0°C decadeï1 warming 

(p < 0.05) 

14.3% 

( 9.4% ) 

4.2% 

( 4.2% ) 

0.6% 

( 0.6% ) 

0.1% 

( 0.1% ) 

0.0% 

( 0.0% ) 

0.0% 

( 0.0% ) 

0.5 to 1.0°C decadeï1 warming 

(p < 0.05) 

14.5% 

( 3.8% ) 

11.3% 

( 10.6% ) 

7.3% 

( 7.2% ) 

6.0% 

( 6.0% ) 

1.9% 

( 1.9% ) 

1.6% 

( 1.6% ) 

0.1 to 0.5°C decadeï1 warming 

(p < 0.05) 

17.4% 

( 1.3% ) 

25.0% 

( 11.2% ) 

46.4% 

( 35.2% ) 
54.9% 

( 51.7% ) 
59.6% 

( 58.5% ) 
58.4% 

( 58.1% ) 

0.0 to 0.1°C decadeï1 warming 

(p < 0.05) 

6.8% 

( 0.3% ) 

8.8% 

( 0.3% ) 

15.1% 

( 1.8% ) 

13.1% 

( 3.0% ) 

17.8% 

( 7.0% ) 

19.9% 

( 10.1% ) 

0.0 to ï0.1°C decadeï1 cooling 

(p < 0.05) 

5.3% 

( 0.1% ) 

9.5% 

( 1.4% ) 

12.6% 

( 2.8% ) 

12.5% 

( 4.1% ) 

12.6% 

( 5.4% ) 

14.0% 

( 7.2% ) 

ï0.1 to ï0.5°C decadeï1 cooling 

(p < 0.05) 

14.9% 

( 0.9% ) 

24.2% 

( 11.9% ) 

16.3% 

( 10.4% ) 

12.3% 

( 10.4% ) 

8.1% 

( 7.6% ) 

6.1% 

( 5.9% ) 

ï0.5 to ï1.0°C decadeï1 cooling 

(p < 0.05) 

12.2% 

( 4.1% ) 

13.2% 

( 12.6% ) 

1.6% 

( 1.6% ) 

1.1% 

( 1.1% ) 

0.0% 

( 0.0% ) 
0.0 % 

> ï1.0°C decadeï1 cooling 

(p < 0.05) 

14.6% 

( 11.2% ) 

3.9% 

( 3.8% ) 

0.1% 

( 0.1% ) 
0.0 % 0.0 % 0.0 % 

 

Table 10.2 Relative spatial areas (% of the total region) and rates of change that are showing increasing or decreasing trends in phyto-

plankton biomass (CHL ) for each of the standard IGMETS time-windows. Numbers in brackets indicate the % area with significant 

(p < 0.05) trends. See ɁMethodsɂ chapter for a complete description and methodology used. 

 

Lat itude-adjusted CHL data field  

surface area = 361.9 mill ion km2 

5-year  

(2008ï2012) 
10-year  

(2003ï2012) 
15-year  

(1998ï2012) 

Area (%) w/ increasing CHL trends  

(p < 0.05) 

28.9% 

( 4.9% ) 

40.9% 

( 16.4% ) 

37.8% 

( 14.6% ) 

Area (%) w/ decreasing CHL trends  

(p < 0.05) 
71.1% 

( 32.1% ) 
59.1% 

( 33.7% ) 
62.2% 

( 38.4% ) 

    

> 0.50 mg mï3 decadeï1 increasing 

(p < 0.05) 

1.6% 

( 0.6% ) 

0.7% 

( 0.5% ) 

0.9% 

( 0.8% ) 

0.10 to 0.50 mg mï3 decadeï1 increasing 

(p < 0.05) 

5.1% 

( 1.4% ) 

4.0% 

( 2.3% ) 

3.7% 

( 2.8% ) 

0.01 to 0.10 mg mï3 decadeï1 increasing 

(p < 0.05) 

14.5% 

( 2.7% ) 

22.6% 

( 11.8% ) 

17.2% 

( 8.9% ) 

0.00 to 0.01 mg mï3 decadeï1 increasing 

(p < 0.05) 

7.7% 

( 0.2% ) 

13.5% 

( 1.8% ) 

16.0% 

( 2.1% ) 

0.00 to ï0.0 mg mï3 decadeï1 decreasing 

(p < 0.05) 

9.6% 

( 0.8% ) 

17.3% 

( 5.2% ) 

30.1% 

( 14.9% ) 

ï0.01 to ï0.10 mg mï3 decadeï1 decreasing 

(p < 0.05) 

45.3% 

( 21.4% ) 

37.4% 

( 25.7% ) 

30.8% 

( 22.8% ) 

ï0.10 to ï0.50 mg mï3 decadeï1 (decreasing) 

(p < 0.05) 

12.7% 

( 7.7% ) 

3.9% 

( 2.4% ) 

1.2% 

( 0.6% ) 

> ï0.50 mg mï3 decadeï1 (decreasing) 

(p < 0.05) 

3.4% 

( 2.1% ) 

0.6% 

( 0.4% ) 

0.1% 

( 0.1% ) 
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terns caused by the ENSO are clearly distinguishable. 

Increases over the 10-year time-window are also ob-

served in the Southern Ocean, in the eastern North At-

lantic near the Greenland Sea, and in the Arctic  Ocean. 

Similar changes were also noted by other authors (Hen-

son et al., 2010; McQuatters-Gollop et al., 2011; Siegel et 

al., 2013). Chl a changes around Antarctica may be driv-

en by the Antarctic Oscillation, which affects wind in-

tensity and, in turn , mixed-layer depth (Boyce et al., 

2010). The Chl a increases noted in the North Atlantic 

and Arctic oceans are likely related to the decrease in ice 

cover and duration (more open water), which have led 

to associated increases in primary production in the re-

gion (Zhang et al., 2010; Arrigo and van Dijken, 2011). In 

general, for the 10-and 15-year time-windows, p ositive 

correlations of SST and Chl a were more commonly ob-

served at high latitudes, suggesting drivers other than 

temperature for the enhanced productivity (Doney, 

2006). The only ocean basin that showed a consistent 

decline in Chl  a concentrations over time was the Indian 

Ocean, though some regions, such as the South China 

Sea and the subtropical front, showed no trend.  

It is important to stress that the aforementioned trends 

derived from satellite observations are only for a portion 

of the surface ocean. Satellite-derived SST and Chl a are 

limited to the first optical depth, which can vary from a 

few to several tens of metres, depending on the optical 

properties of the water (Morel et al., 2007). It is also im-

portant to bear in mind that changes observed in Chl  a 

can be associated with physiological changes  and 

changes in phytoplankton biomass  or biased by high 

concentrations of coloured dissolved organic matter 

(CDOM) (Siegel et al., 2005; Behrenfeld et al., 2015). 

 

10.3 Trends from in situ time series 

Only a few in situ time series have sufficient data to 

show reliable trends in biogeochemical variables over 

the past 30 years. Indeed, the North Atlantic, Baltic Sea, 

and Mediterranean Sea are some of the only locations 

where such time-series information exists, which enable 

us to track how the biology and biogeochemistry may 

have been changing over the past 30 years. Continuous 

satellite chlorophyll concentration data are only availa-

ble since the late 1990s.  

Over time-scales of less than a decade, it is difficult to 

distinguish between natural and anthropogenic forcing 

 

Figure 10.5. Percent spatial area of increasing sea surface tem-

perature (SST; top) and decreasing chlorophyll a (Chl a; bottom) 

measurements per ocean over different time-windows, as de-

rived by satellite measurements. 

 

(Overland et al., 2006; Karl, 2010; Henson, 2014). Statisti-

cal significance of results can also be questionable. For 

ÛÏÐÚɯÙÌÈÚÖÕȮɯÛÏÐÚɯÊÏÈ×ÛÌÙɀÚɯÈÕÈÓàÚÐÚɯÖÍɯÚÈÛÌÓÓÐÛÌɯËÈÛÈɯÞÈÚɯ

done for time -windows of 10 or more years. However, 

for in situ time series, even short time-scale data provide 

valuable information. Most of the time series collecting 

measurements today span Ȁɯ10 years. Thus, we will pro-

vide a short summary of biogeochemical trends from in 

situ time series, especially focusing over the past fifteen, 

ten, and five years, but, where possible, including those 

few that have measurements with longer time -spans. 

Over the 30-, 15-, 10-, and 5-year periods, most of the in 

situ time-series data report an increase in Chl a concen-

trations throughout the ÞÖÙÓËɀÚ oceans, contrasting with 

some of the satellite data (Table 10.2; Figure 10.9). It is 

particularly interesting to note that the majority of the 

time series are located in coastal areas, where local driv-

ers affect primary production and chlorophyll concen-

trations. Indeed, the in situ time series and satellite Chl a 

trends highlight the differences between coastal and  


